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Abstract

The Polar Ozone and Aerosol Measurement (POAM) 11 instrument operated
continuoudy during the SOLV E mission, making approximately 1400 ozone profile
measurements at high-latitudes both insde and outsde the Arctic polar vortex. The
wedlth of ozone measurements obtained from a variety of insruments and platforms
during SOLVE provided a unique opportunity to compare correlaive measurements with
the POAM 11 dataset. In this paper we vdidate the POAM [11 version 3.0 0zone against
measurements from seven different instruments that operated as part of the combined
SOLVE/THESEO 2000 campaign. Theseinclude the arrborne UV Differentid
Absorption Lidar (UV DIAL) and the Airborne Raman Ozone and Temperature Lidar
(AROTEL) ingstruments on the DC-8, the dual-beam UV-Absorption Ozone Photometer
on the ER-2, the MKIV Interferometer balloon instrument, the Laboratoire de Physique
Moleculaire et Applications and Differentid Optical Absorption Spectroscopy
(LPMA/DOAYS) baloon gondola, the JPL in situ Ozone ingrument on the OM S balloon
platform, and the Systéme D'Analyse par Observations Zénithdes (SAOZ) baloon
sonde. The resulting comparisons show a remarkable degree of consstency despite the
very different measurement techniques inherent in the datasets, and thus provide a strong
vaidation of the POAM I1l verson 3.0 ozone. Thisis particularly true in the primary 14
to 30 km region, where there are Sgnificant overlaps with al seveningruments. At these
dtitudes POAM |11 agreeswith dl the datasets to within 7-10 % with no detectable bias.
The observed differences are within the combined errors of POAM 111 and the correlative
measurements. Above 30 km, only a handful of SOLVE correl ative measurements exist
and the comparisons are highly variable, and therefore the results are inconclusive.

Bedow 14 km the SOLVE comparisons adso show alarge amount of scatter and it is



difficult to evduate their consstency, dthough the number of correative measurements
islarge. The UV DIAL, DOAS, and JPL/OM S comparisons show differences of up to 15
% but no consstent bias. The ER-2, MkIV and SAOZ comparisons, on the other hand,
indicate a high POAM bias of 10 - 20 % at the lower dtitudes. In genera the SOLVE
vaidation results presented here are consstent with the vaidation of the POAM |1

verson 3.0 ozone using Stratospheric Aerosol and Gas Experiment (SAGE) |1 and

Hal ogen Occultation Experiment (HALOE) satellite data, and in situ ECC ozonesonde

data



1. Introduction

The objectives of the SAGE |11 Ozone Loss and Validation Experiment (SOLVE)
campaign were to examine the processes controlling ozone a mid- to high+latitudes and
to acquire multiple correlative data sets for vaidation of the Stratospheric Aerosol and
Gas Experiment (SAGE) 111 instrument. Successful completion of this objective required
a coordinated campaign of measurementsin the Arctic high-latitude region using a
vaiety of ingruments and platforms. Theseincluded the NASA DC-8 and ER-2 aircraft,
aswell as baloon platforms, ground-based instruments and satellites. Of the latter the
Polar Ozone and Aerasol Measurement (POAM) 111 instrument was the only source of

high-latitude satellite vertica profile measurements used in the SOLVE campaign.

Theinitid motivation for introducing POAM 111 as a component of SOLVE was
primarily because its |atitude coverage and measurement suite make it an ided vaidation
platform for SAGE I11. Figure 1 showsthe POAM llI latitude coverage in the Northern
Hemisphere compared to the predicted SAGE |11 ephemeris. The two instruments
coverage overlgps a number of times during the year, providing multiple opportunities for
comparison. Furthermore POAM 111 measures the same primary speciesas SAGE 111 —
ozone, water vapor, nitrogen dioxide and aerosol extinction. Both POAM 1l and its
predecessor POAM 1l have used SAGE |l extensvely in their satellite vaidation studies
[Rusch et al., 1997, 2001; Randall et al., 2000, 2001a] and it is expected that both POAM

11 and SAGE 111 will eventudly benefit from a detailed retrieva comparison.

Of course, due to unforeseen launch delays, the SAGE 11 ingtrument was not

operational during the SOLVE campaign. Nevertheless, the wedlth of high-latitude



measurements made during SOLVE provide a vauable resource for vaidation of the
POAM llI dataset. In this paper we present validation of the POAM I11 version 3.0 ozone
using anumber of coincident ozone measurements obtained during SOLVE. This study
complements POAM |11 ozone validation efforts which concentrate on comparisons with
other satellite data sets and ECC ozonesondes [Rusch et al., 2001]. The POAM
[11/SOLVE ozone vaidation presented here includes aircraft and balloon data (both in

situ and remotely sensed).

This paper is not intended as a comprehengve intercomparison of the various
SOLVE ozone data sets but is presented strictly from the point of view of POAM 111
vaidation. In addition to further quantifying the qudity and scientific vdidity of the
POAM I11 ozone data, it is hoped that this study will prove useful in planning future
vaidation effortsfor SAGE I1l. Absent an actua POAM 111/SAGE |11 validation study,
which will have to await the SAGE |11 launch in 2001, we fed thisis one of the most
useful contributions to SAGE 111 resulting from the POAM |11 involvement in SOLVE.
Of course, by helping to vaidate the POAM |11 data products, this effort will directly

benefit the SAGE 111 vdidation in the future.

In thiswork, the POAM 111 ozone measurements are compared with
measurements from seven different instruments that operated as part of the combined
SOLVE/THESEO 2000 campaign. These include the arborne UV Differentid
Absorption Lidar (UV DIAL) and the Airborne Raman Ozone and Temperature Lidar
(AROTEL) ingtruments on the DC-8, the dual-beam UV-Absorption Ozone Photometer
on the ER-2, the MKIV baloon interferometer, the Laboratoire de Physique Moléculaire
et Applications and Differentia Optical Absorption Spectroscopy (LPMA/DOAYS)

baloon gondola, the JPL in situ Ozone instrument on the Observations of the Middle



Stratosphere (OMS) bdloon platform, and the Systeme D'Analyse par Observations
Zénithdes (SAOZ) bdloon sonde. We firgt quantify the agreement between POAM 111
and each of these instruments separately and then compare the resultsto seeif they givea
conggtent picture of the POAM 111 ozone vdidation, as well as maintaining consstency
with the satellite and ECC ozonesonde validation studies. We begin with an overview of
the POAM |11 ozone measurements and current status of the version 3.0 validation in
Section 2. In section 3 we compare the DC-8 data sets (UV DIAL and AROTEL),
followed by the ER-2 comparisons in section 4, MKkIV in section 5, DOAS in section 6,
OMS/JPL Ozonein section 7, and findly the SAOZ comparisonsin section 8. Section 9

contains a summary and conclusions.

2. Overview of POAM |1l measurements and version 3.0 ozone validation

The POAM Il ingrument is a nine-channd photometer that employs the
technique of solar occultation to derive composition and temperature throughout the
sratosphere and upper troposphere. By measuring atmospheric extinction in select bands
from 0.354 to 1.018 nmit is possble to retrieve dengty profiles of ozone, nitrogen
dioxide and water vapor, as well as temperature and wavel ength-dependent aerosol
extinction. Theinstrument and its basic operationd characterigtics are described in detall

inLucke et al. [1999].

POAM |11 has been in routine operation on the SPOT 4 satellite since April 24,
1998. It makes 14 measurements per day in each hemisphere, at approximately constant

latitude but separated in longitude by 25 degrees. Thisrelatively coarse horizontd



sampling pattern is a consequence of the solar occultation geometry. Northern
Hemisphere (NH) measurements are made &t satellite sunrise but actually correspond to
local sunset due to the retrograde orhit of the satellite. During the SOLVE time period
(November 1999 to March 2000) approximately 1400 NH measurements were made at

|atitudes between 63.5 and 69°N.

Ozoneisretrieved operaiondly between 60 km and alower limit which is
typicdly in the mid- to upper-troposphere, depending on loca cloud top height and
atmospheric opacity, which determines the minimum dtitude to which the Sun sensor can
actively track the Sun. The POAM |11 verson 3.0 retrieva dgorithms and error analysis
aredescribed in Lumpe et al. [2001]. The primary ozone information in the
measurements comes from the 603-nm channdl, at the peak of the O3 Chappuis bands.
Based on the andysis presented in Lumpe et al. [2001] the total random error (precision)
of the POAM |11 ozone retrievasis estimated to be 3-5 % between 12 and 60 km,
increasing to 15 % or more a and below 10 km. In the lowermost stratosphere and upper
troposphere the ozone retrieval becomes very sengtive to accurate removal of the aerosol
extinction component. Maximum systematic errors due to cross section uncertainties are

estimated to be at the 1 to 2 % leve.

The vertical resolution of the ozone retrievd, as defined by the width of the
retrieval averaging kernels, is 1 km throughout the stratosphere but degrades rather
quickly to 2-3 km in the upper troposphere [Lumpe et al. 2001]. Horizontd resolution
perpendicular to the instrument line of sight (i.e,, pardld to the terminator) is limited by
the size of the solar disk, which is gpproximately 30 km at the tangent point. Pardld to

the line of Sght one measure of horizontal resolution can be taken to be the path length of



the 1-km vertical shdl sampling, which is goproximately 200 km. However, this number
tends to underestimate the effective horizonta resolution since the information content in

the dant path measurement is sharply peaked at the tangent point.

This paper focuses on validation of the POAM 111 verson 3.0 ozone usng
correlive data obtained during the SOLVE/THESEO 2000 campaign. Preliminary
vaidation of an earlier verson of POAM 111 ozone was presented in Lucke et al. [1999].
The version 3.0 ozone has aso been validated against verson 6.0 Stratosphere Aerosol
and Gas Experiment (SAGE) |l and version 19 Halogen Occultation Experiment
(HALOE) satdllite data, and balloon-borne ECC ozonesondesin Rusch et al. [2001]. The
results of this andysis show that the POAM 111 NH ozone agrees with SAGE 11, HALOE
and ECC ozonesondes to within 5 to 7 %, with no bias, in the dtitude range from 12 to
50 km. Between 50 and 60 km POAM tends to be biased high with respect to HALOE
by 5— 10 %, but this bias is not seen in the POAM/SAGE Il comparisons. Somewhat
larger disagreements (15 — 20 %) are seen below 12 km, with POAM 111 generally biased
high relative to both satellites and ECC ozonesondes. Unless otherwise noted, for the
remainder of this paper we will refer to POAM 111 amply as POAM to smplify the

notation.

3. DC-8 comparisons.

3.1 Overview of DC-8 coincidences



Theflight plansfor the DC-8 were congtructed specifically to provide a number
of direct coincidences with the POAM measurements. These overlaps provide an
excellent opportunity to compare measurements made by POAM and the DC-8
indruments in air masses that coincide closgly in both time and space. There were Six
such coincidences during SOLVE, occurring on December 2 & 14, January 16 & 25, and
March 3 & 9. On anumber of these flights the DC- 8 executed multiple passes through
the POAM tangent point, in addition to dives, to maximize the number of coincident

measurements made by both in situ and remote sensing instruments aboard the aircraft.

Figure 2 shows the location of the coincident measurements on each of these Sx
days. Thered symbol represents the POAM 20-km tangent point and the red box
surrounding this point represents the areadefined by the coincidence criteria used in the
comparisons. We define a coincidence as any measurements made within + 1 degin
latitude, + 2 deginlongitudeand + 1 hour intime. These are Sgnificantly tighter criteria
than typicaly used in POAM satellite vdidation studies, but given the extent of the
overlgps they il yield a significant number of coincident measurements, as discussed
below. The bluelinein Figure 2 represents the DC-8 flight track on each day. Although
difficult to see on the scale of this plot the flight path does pass through the coincidence
region on al days (more extensvely on some days than others). Only those DC-8
measurements made within this red box (and satisfying the time constraint described
above) are used in the comparisons. For reference, contours corresponding to the
location of the outer, middle and inner edge of the polar vortex at 450 K have aso been
plotted in the black solid and dashed lines. In Figure 2, and subsequently in this paper,

the convention of Nash et al. [1996] has been used to define the vortex edge.
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These maps are hdpful because it isimportant to take into account the position of

the measurements relative to the polar vortex in evauating the ozone profile comparisons
below. For example, Figure 2 showsthat on all six days except 12/2/99 the DC-8
traversed at least the inner edge of the vortex sometime during itsflight. On three days
(12/2/99, 12/14/99 and 3/3/00) the POAM and DC-8 coincidences occur well insde the
vortex inner edge whereas on the other days the coincidences are near the vortex edge,
where one might expect strong horizonta gradientsin the ozone. Thiswill be discussed

in more detall below.

In this paper the POAM o0zone measurements are compared with the two ozone
lidars operating on the DC-8; the NASA Langley UV Differentid Absorption Lidar (UV
DIAL) and the NASA Goddard Airborne Raman Ozone and Temperature Lidar
(AROTEL). Both of these instruments measure the ozone profile above the aircraft and
therefore provide sgnificant overlap with the POAM measurements in the low- to mid-
dratosphere. There is an added advantage in being able to compare smultaneoudy with
two ingtruments that are essentially measuring the same ar mass continuoudy. Thisisa
unique opportunity, which is further enhanced by the fact thet al three instruments make

the same fundamental measurement — ozone concentration as a function of dtitude.

3.2 Coincident data sets

The NASA Langley airborne UV Differentid Absorption Lidar (UV DIAL)
system has been used to measure ozone, aerosol, and cloud profiles during four previous
sratospheric ozone investigations, affording the opportunity for many intercomparisons

with other ozone measuring ingruments [Browell, 1989; Browell et al., 1990, 1993,
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1998; Grant et al., 1998]. This system uses two frequency-doubled Nd:YAG lasersto

pump two high-conversion-efficiency, frequency-doubled, tunable dye lasers. In
stratospheric Oz invedtigations, the two frequency-doubled dye lasers are operated
independently with one tuned to 301 nm for the O3 DIAL ontline wavdlength and the
other tuned to 311 nm for the off-line wavelength. All of the beams are transmitted in the
zenith direction through a 40-cm-diameter fused sllicawindow. The atmaospheric
backscattered laser returns are collected by a 36-cm diameter telescope, optically

separated, and directed on to different detectors.

The UV DIAL instrument measures ozone up to 10-15 km above the arcraft with
an accuracy of better than 10 %. Vertica resolution of the measurementsis 750 m and
horizontal resolution is 70 km (5 min). Note thet the horizontal and vertical resolutions
of the UV DIAL ozone measurements, dthough dightly better than POAM, are very
smilar. TheUV DIAL ozone has been compared with ECC ozonesonde data from Ny
Adesund (79° N, 12° E) during SOLVE [Grant et al., manuscript in preparation]. Inthe
15 — 20 km range the mean difference between the two measurementsis ~ 3 % with a
sandard deviation of 4 %. The sgn of the difference is such that UV DIAL tendsto

biased low relative to the ECC ozonesondes in this dtitude range.

The Airborne Raman Ozone, Aerosol and Temperature Lidar (AROTEL) isaDC-
8 ingrument conceived, designed and built by Goddard Space Flight Center in
collaboration with scientists from Langley Research Center. The ingtrument was flown
for the firgt time during the SOLVE campaign. The instrument is a multi-wave ength
lidar: radiation at 1064, 532 and 355 nm are transmitted from aNd-Y AG laser, and 308-

nm radiation is transmitted from a XeCl excimer laser. These wavelengths are transmitted



nearly smultaneoudy, and backscattered radiation is collected with a 16" telescope. This
returned light a the transmitted wavel engths, as well as Raman scattered radiation at 387
and 332 nm (N scattering from the transmitted 355 and 308 nm beams) is waveength
separated using dichroic beamsplitters and detected using Hamamatsu R7400P

phototubes.

Ozone data is extracted from the four UV sgnas using the differentid absorption
lidar technique. The dgorithm for ozoneretrieva is essentidly identicd to the
descriptionin McGee et al. [ 1995], which describes the NDSC ground-based system. The
only differenceisin the use of afourth order polynomid fitting function as opposed to
the linear function previoudy described. In order to ensure linearity of sgnds, multiple
detectors are used for each wavelength. Beyond about 3 km above the aircraft the UV
sgnds are dl photon counted; anaog detection is used near to the aircraft. Vertica
resolution of the retrieved ozone profilesis approximately 1 km and the accuracy is better

than 10 %. A detailed description of the indrument isgiven in McGee et al. [2001].

3.3  Comparison of POAM, UV DIAL and AROTEL ozone

In this section we firg discuss the comparisons between POAM and the two DC-8
insruments individualy, and then look a how well the three data sets compare
collectively. For smplicity we have plotted the coincident ozone profiles from al three
ingruments together in Figure 3. In each pane, corresponding to one DC-8 flight date,
the black curve represents the single ozone profile measured by POAM at the
coincidence location indicated by the red symbol in Figure 2. For the DC-8 instruments,

rather than plot al the individud profiles satisfying the coincidence criteria, we have

12



plotted a mean profile for each flight. For the UV DIAL data, plotted in red, thisis
produced by binning dl the coincident data (obtained directly from the SOLVE data
archive) in 0.25 km bins and then calculating an average ozone dendity in each bin. The
AROTEL raw data meseting the coincidence criteria were averaged prior to the retrieva
of ozone, instead of calculating the average of profiles within the archived data set. This
approach permitted the retrieva to reach to higher dtitudes than the ozone profile

averaging method. The average AROTEL profiles are plotted in blue in Figure 3.

Note that the UV DIAL and AROTEL measurements tend to sample somewhat
different vertical regions of the stratosphere. Profiles from the two instruments generdly
overlgp in the dtitude range from ~ 14 to 23 km. For the six days of interest in this study
ozone retrievas are typically available between about 11 to 23 km for UV DIAL and 14
to 30 km for AROTEL. Exceptionsfor AROTEL include January 25, where the data
below 19 have been removed due to possible PSC contamination and the December 14
and March 9 prafiles, which extend al the way to 40 km, but with sharply increasing

random error above 30 km (not shown).

In generd the POAM and UV DIAL ozone densty profiles agree very wel. On
modt flights the vertical structure of the profiles measured by the two insruments are
very consstent and the magnitude generally agrees well. Notable exceptions are the [ow
atitude discrepancies on 1/16/00 and 3/3/00 and the fairly bad overal agreement on
3/9/00. The only systematic differences apparent in these comparisonsis that POAM
tends to be high relaive to UV DIAL above about 19 km. Itislikely that thisisdueto
the tendency for the UV DIAL measurements to be dightly underestimated at the higher

dtitudes in sunlit conditions. This tendency has been seen previoudy in comparisons

13
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between UV DIAL and correlative SAGE |1 and HALOE measurements [Grant et al .,

1998].

The low dtitude discrepancies on 1/16/00 and 3/3/00 are likely due to mid-
latitude intrusions and large gradients in the ozone distribution below 13-14 km, which
arereedily seeninthe UV DIAL flight images on those days. On 3/9/00, where we see
the grestest differences in the 14-20 km range, the measurements were very near the
vortex edge, and again very large horizonta gradients in ozone are evident in the UV
DIAL ozone cross section. Also, on this particular day the DC-8 coincidences were
actualy biased towards low latitudes rlative to the POAM point, which accentuates the
sampling bias due to the strong o0zone gradients. For these reasons we bdlieve the
discrepancies seen on this day, and at the low dtitudes on 1/16/00 and 3/3/00, are more
indicative of true amospheric variability than any fundamentd error in ether

measurement.

For the most part Figure 3 aso shows quite good agreement between the POAM
and AROTEL profiles. Both instruments consistently reproduce smal-scae vertica
sructure in the ozone profile, athough the lidar measurements often show more detailed
vertica structure than the POAM profiles (see, e.g., the January 16 and 25 profiles).
There also appears to be atendency on some days for POAM to be low relative to
AROTEL at the peak of the ozone profile. For the most part however, the agreement in
the profiles above 20 km is good, and even up to 40 km for the two AROTEL profiles
that extend to that dtitude. One notable exception ison March 3, where the AROTEL
0zone gppears to have a noticeably smdler scae height than POAM above the profile

pesk. The March 9 POAM/AROTEL comparison, like the POAM/UV DIAL comparison
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on that day, shows poor agreement overal below 25 km. It isinteresting to note,

however, that the two lidar profiles themselves do not agree very wdl on this day,
showing very different verticad structure and aclear systematic bias. At the present time

thisis not understood.

Figure 4 summarizes the ozone differences between POAM and the DC-8
insgruments. For each flight the average UV DIAL and AROTEL ozone profiles plotted
in Figure 3 were first linearly interpolated to the sandard POAM 1-km dtitude grid. The

relative difference profile (in percent) was then caculated according to

POAM - Corr )
POAM + Corr

D =200

where Corr represents a correlaive measurement, in this case UV DIAL or AROTEL.
The POAM/UV DIAL and POAM/ARQOTEL differences are plotted in the top and
middle pandls, respectively, of Figure4. In each pand the colored curves (red for UV
DIAL, blue for AROTEL) correspond to the individua difference profiles for each flight
and the black profileisthe mean of dl six flights. Error bars correspond to the standard

error of the mean difference.

The POAM/UV DIAL mean difference iswithin 5 to 7 % between 14 and 20 km,
and less than 10 % between 13 and 21 km. At the lowest dtitude point, 12 km, the mean
error is clearly dominated by the large differences on 1/16/00 and 3/3/00 discussed above.
Also, the generd tendency for UV DIAL to be biased somewhat low relative to POAM

above 20 km is evident in the mean. The fact that the UV DIAL ozoneis biased low on



average by afew percent from 11 to 20 km is consigtent with the UV DIAL/ECC
comparisons [Grant et al., manuscript in preparaion], and probably indicates a dight
overestimate in the ozone absorption coefficient used in the DIAL analyss (note,
however, this should not affect the trend determination from UV DIAL data). Except for
these small systematics, which we fed are understood, the two insiruments agree to
within the combined measurement uncertainties and these results are generdly consstent

with previous POAM vadidation [Rusch et al., 2001].

The mean POAM/ARQOTEL difference iswithin 10 % at dl dtitudes below 37
km. The exception isthe locaized pesk at 28-29 km where differences reach 10 - 20 %,
with POAM high (note, however, that this feature is dominated by the December 12
event where the AROTEL profile shows a pronounced minimum & this dtitude which is
not seen by POAM). The results show afairly consstent vertica structurein the
difference profiles for dl days, with differences generdly changing from -10 % at 18 km
to +10 % at 28 km. Note that above 30 km only two measurements, from the December
14 and March 9 flights, contribute to the mean. While these also appear to be farly
congstent, given the smal number of measurementsin this dtitude range it is difficult to
tell how dgnificant thisresultis. The POAM/AROTEL differencesin the 15 to 27 km
range are generdly consigtent with the POAM satellite and ECC ozonesonde vaidation,
athough the pesk difference of -10 % at 18-19 km (again afairly sysemétic festurein

the six flights) is larger than the maximum differences seen in Rusch et al. [2001].

In summary, the bottom pand of Figure 4 shows the mean difference profiles for
the POAM/UV DIAL and POAM/AROTEL comparisons on the same plot. Again,

ignoring the POAM/UV DIAL differences above 20 km, POAM agrees with both

16
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ingruments to within 10 % between 13 and 27 km with larger errors (but oscillating

about zero) in the POAM/AROTEL comparisons at the higher dtitudes. It isinteresting
to note that thereis avery amilar systematic shape to the two mean difference profiles,
aswdl asanearly congtant offset. At this point these corrdations in the differences
between the UV DIAL and AROTEL comparisons are not understood, but should be

explored more in the future.

4. ER-2 comparisons

During the two SOLV E deployments the ER- 2 aircraft made atotal of 11 science
flights out of Kiruna (neglecting trangt flights). On each of thoseflightsin situ
measurements of the 0zone concentration were made from the Q-Bay of the aircraft by
the dual-beam UV - Absorption Ozone Photometer (heresfter referred to as smply
“NOAA Ozon€’) [Proffitt et al., 1989]. The instrument congsts of a 254-nm mercury
lamp, two sample chambers that can be periodically scrubbed of ozone, and two detectors
that measure the radiation directed from the lamp through the chambers. Ozone absorbs
srongly at this wavelength and the absorption cross-section is accurately known; hence,
the ozone number density can be accurately caculated from the difference in the detected
sgnds from the two chambers. Since the two absorption chambers are identicd, virtualy
continuous measurements of 0zone are made by adternating the ambient air sample and
ozone scrubbed sample between the two chambers. At a one-second data collection rate,
the minimum detectable concentration of ozone (one standard deviation) is 1.5 x 10*°
molecules'cn (0.6 ppbv at STP or 8 ppbv a 20 km). Measurement accuracy is predicted

to be 3% plus precision [Proffitt et al., 1989].
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Because the NOAA Ozone measurements are made in situ and the aircraft tends

to maintain amore or less congtant cruise dtitude at gpproximatdy 18-20 km (asde from
takeoff, landing and occasiond dives), the POAM/ER-2 comparisons are necessarily
heavily weighted to this narrow dtitude range. In thisregion Rusch et al. [2001] has
shown that the POAM version 3.0 ozone agreesto within 3 - 5 % with coincident satdlite
and ECC ozonesonde data in the Northern Hemisphere (with POAM in general somewhat

low compared to the satdllites but high relative to the sondes).

Because of the problematic nature of comparing satellite to in situ measurements,
we have used three different approachesin comparing the POAM and ER-2 ozone data:
vortex-average, trgectory hunting, and direct coincidence measurements. In the firgt
approach, vortex-averaged 0zone measurements from each instrument are compared for
dl of the ER-2 flights. This gpproach wasinitialy motivated by the observation that the
ER-2 ozone data from most of the deep vortex-survey flights generdly shows avery
uniform ozone field within the interior of the vortex, at least in the early winter (see
discusson below). This uniformity is aso apparent from the in-vortex measurements
made by POAM over time periods of severad days. The second method used to compare
POAM and ER-2 ozone data involves usng atrgectory andyssto identify and directly
compare identica air parcels that were sampled by both insgruments. Findly, we have
aso identified and compared standard tempora and spatia coincidences between the
POAM and ER-2 ozone measurements. Unlike the DC-8, no effort was made to
incorporate specific underflights of the POAM measurement locations into the ER-2
flight plans during SOLVE. However, direct coincidences do exist on a number of days
if the coincidence criteria are relaxed consderably from those used for the DC-8

comparisons.
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Results from these three different comparison techniques are discussed separately
in sections 4.1- 4.3 below. All three techniques have thair strengths and shortcomings.
The vortex-average method minimizes the effect of random errors, but depends upon
having unbiased (or at least the same) ER-2 and POAM vortex sampling. The trgjectory
hunting method would, in principle, be the best way to ensure comparison of amilar air
parcels, but it relies on the accuracy of the trgectory analysis. Finaly, the direct
coincidence technique is the most straightforward and frequently used vaidation method,
but given the well-known trade- offs between congtraining the closeness of the
coincidences and obtaining a gatistically sgnificant number of samples, thereisno

guarantee that Smilar air parcels are sampled.

41  Vortex-average 0zone comparisons

In order to compare the vortex-average ozone measured by POAM and the ER-2
it was firgt necessary to isolate the in-vortex data obtained by each insrument on agiven
day. For the ER-2 the N,O and CO- tracer data were used to determine which time
segments of the flight corresponded to air sampled wdl within the interior of the vortex.

All data meeting the vortex-discrimination criteria was then binned in uniform 10 K

potential temperature binsto cregte a Sngle vortex-average verticd profile,

As discussed in acompanion paper in this specid issue [Randall et al., 2001b],
POAM routinely made measurements both insde and outside the polar vortex on adally
basis during SOLVE. Thisis because the center of the vortex was frequently displaced

from the pole towards Europe or Asia and therefore POAM, measuring around acircle of



latitude, would sample both in-vortex and extra-vortex air on agiven day. However,
because of the rdatively coarse horizontal sampling afforded by the solar occultation
technique, on any given day only a handful of events might be wel insde the vortex.
Therefore, to obtain a gatidicaly meaningful sample of in-vortex 0zone measurements
for each ER-2 flight day the POAM data were averaged over athree-day time period
centered on theflight date (i.e, flight day + 1day). All POAM profiles measured within
the inner vortex boundary (as defined by the Nash criteria) in that three-day period were
averaged together and interpolated onto the same potentid temperature grid as the ER-2

data

Figure 5 illugtrates this procedure for four representative ER- 2 flight days. For
each day the ER-2 flight track is represented by the solid blue line, the inner and middle
Nash vortex edges (at 450 K) are represented by the black and green contours,
repectively, and al POAM measurements made during the three-day averaging period
are shown asred dots. Only those POAM points and that portion of the ER-2 flight lying
within the solid black contour contribute to the vortex-average profile (the POAM vortex
discrimination uses the gppropriate vortex boundary for each of the three days used in the
average). The number of such points of course varies from flight to flight. On ER-2
vortex survey flights, such as 3/5/00, the entire ER-2 flight occurs deep in the vortex

wheress other flights contain planned vortex edge crossings.

Figure 6 shows the vortex-average ozone profiles measured by both instruments
for the deven ER-2 stience flights out of Kiruna. The red circles represent the POAM
points, black squares are the ER-2 points and the solid lines represent + one standard

deviation of the mean for each flight. Clearly thereis generdly very good quantitative
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agreement between the two data sets. POAM does appear biased somewhat low relative
to ER-2 on the January 27 and 31 flights, but by no more than 5 %. Figure 6 dso shows
an increasing tendency for POAM ozone to be high relive to the ER- 2 at the higher
dtitudesin late winter, beginning with the March 5 flight. In thislate-winter period the
vortex had experienced alarge amount of chemica ozone loss [Hoppdl et al., 2001], and
POAM measured large in-vortex ozone gradients [Randall et al., 2001b]. Figure 6 also
uggests that while the POAM vortex-average sandard deviation isincreasing over this
late winter period, the ER-2 variationisnot. This suggests that the ER-2 was
preferentialy sampling the most depleted vortex ar, while POAM obtained more of a
vortex survey.  Thisview isreinforced by Figure 5, which shows the smdll dice of the
vortex sampled by the ER-2 on March 11 relative to the more extensive POAM vortex
sampling (the corresponding March 12 map, which is not shown, yidds the same
concluson). Of course, it was not atypica for POAM to sample alarger portion of the
vortex than the ER-2 throughout the winter. However, increasing ozone gradients within
the vortex (as aresult of ozone loss) later in the winter would serve to accentuate the
effects of this sampling bias. Thus, we suggest that the increasing tendency for POAM to
be biased high compared to the ER-2 in the late winter comparisons is much more likely

to be the result of sampling biases rather than red measurement differences.

Toillugrate this point, in Figure 7 we have plotted the POAM and ER-2 ozone
measurements at 460 K as a function of equivaent latitude on January 23 and March 11
(equivaent latitude is the latitude enclosing the same area as a given potentid vorticity
contour). The red symbols represent dl the POAM measurements at 460 K within + 1
day of flight date (both insde and outside the vortex) whereas black symbols represent

the ER-2 ozone data (in-vortex only). The vertica lines denote the middle and inner
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vortex edges. On January 23 the o0zone insde the vortex, as measured by both

indruments, is quite uniform. ThisStuaion istypica of the early- and mid-winter flights
and, as discussed previoudy, provided the origind judtification for usng vortex-average
comparisons. Clearly the Stuation is very different by March 11. Here the POAM data
show evidence of large ozone gradients within the vortex, with two distinct populations

of low and high ozone; the ER-2, however, preferentidly samples only that part of the
vortex with depleted ozone. This explains why the vortex-averaged POAM ozone on this
day, and on al other daysin the late winter period, is biased high rlive to the ER-2.

Thisis purely a sampling bias, rather than ameasuremert error.

Finally, we note that the sharp structuresin the 1/14/00 and 1/23/00 ER- 2 profiles
are due to intrusons (mid- | atitude filaments) encountered by the ER-2 on those flights.
This can be clearly seen by corrdating the O and tracer data from different ER-2
ingruments on those flights (not shown). While POAM can in principle also see such
filaments, there is no guarantee that it sampled these specific features on those days.

Even if afilament were seen in one POAM measurement on the flight date it would be

smoothed out in the three-day averaging.

In Figure 8 these resullts are summarized by plotting the average 0zone mixing
ratio profiles, and their mean difference, for the deven flights. The mean differenceis
within 5% a al levels between 350 and 450 K and within 7 % at 460 K. The only
difference greater than 10 % is at the highest thetalevel, 470 K, which is clearly
dominated by sampling biases discussed above. On the whole, the vortex-averaged

comparisons show excellent agreement between POAM and ER-2 ozone.



4.2  Trajectory hunting analysis

The second method of comparing POAM and ER-2 measurementsis to look for
ar parcel trgjectory matches. Forward and backward isentropic trgjectories were run
from each POAM measurement location & 10 K incrementsin the vertica usng the
UKMO wind analysis. We then searched for cases where these trgjectories crossed the
ER-2 flight track within the following congraints: 300 km horizontal separation, 5 K
separdion in the verticd, and 1.2 hoursin time. The matches were further constrained to
have a maximum trgectory length of + 5 days. Of coursg, it is possble that within five
days sgnificant ozone chemica change could occur aong the trgectory, but most of the
matches found in the analysis were within three days, and fairly evenly digtributed
between forward and backward trgjectories. A tota of 249 matches were found to meet

the above criteriain the vertica range from 380 to 470 K.

The results of the trgectory hunting andyss are summarized in Figure 9. The
small black dots represent the ozone difference for dl of the 249 points that satisfied the
meatch criteria. Note that there tends to be more scatter in trgjectory-match comparisons
relative to the vortex-average comparisons. Thisis expected both because there is some
scatter introduced by trgjectory inaccuracies and of course the vortex-average approach,
which averages over many measurements, naturaly tends to produce a smoother result.
The black curvein Figure 9 represents the mean difference for dl the match events (after
binning the datain 10 K potentia temperature bins) and the error bars correspond to the
standard error of the mean difference. Comparing this result with Figure 8 shows that the
trgjectory matching and vortex- average comparisons yield remarkably smilar resultsin

terms of both the magnitude and vertical structure of the ozone difference. In particular,
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it isinteresting to note that the high POAM bias above 450 K appears in both analyses.

However, close ingpection of the trgjectory matching results shows that there is no trend
toward increasing POAM biases later in the winter as was observed in the vortex-average
comparisons. Furthermore, there is no observed bias with respect to forward or backward
trgectories, which could produce a bias in the rletive differencesif chemica depletionis
occurring aong the trgectories. Therefore, the consstency of this high biasin the two

approaches is not currently understood and deserves further study.

4.3  Comparison of POAM/ER-2 direct coincidences

Finally, we present comparisons of POAM measurements made in direct tempora
and spatia coincidence with the ER-2 measurements. I the stringent coincidence criteria
usad in the DC-8 andysisin section 3 are used for the ER- 2, very few coincident
measurements are found. However, if the criteria are relaxed considerably many more
coincident data points are found. For the comparisons presented here we chose the
following criteria + 3 deginlatitude, =10 deginlongitudeand + 3 hour intime. These
criteriaare amilar to those typically used in the POAM satdllite vaidation studies
[Randall et al., 2000, 2001a; Rusch et al., 1997, 2001]. We further required that both

POAM and ER-2 measurements be made within the inner edge of the vortex.

Coincident POAM and ER-2 measurements satisfying these criteria were found
for al the ER-2 flights discussed in section 4.1 except the flight on January 14. In
addition, dl of these coincident ER-2 measurements contain some portion of the data
obtained during takeoff, landing or the executed dives and stack maneuvers. Therefore

they al contain ER-2 data over arange of dtitudes, which alows for direct profile
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comparisons with POAM. For these comparisons we plot the coincident POAM and ER-

2 data versus dtitude snce this is the fundamentd verticd grid for the POAM dataand is

aso avallable directly for the ER-2 from the archived GPS atitudes.

Figure 10 shows the coincident POAM (in blue) and ER-2 (in red) ozone mixing
ratio profiles for each flight. The ER-2 profiles were congtructed by binning al points
satisfying the coincidence criteriainto 1-km dtitude bins and calculating a mean ozone
mixing ratio in each bin. The resulting profile was then linearly interpolated to the
sandard POAM dftitude grid. The dtitude range of the coincident ER-2 profiles varies
condderably from flight to flight but most flights provide a gnificant overlap with the
POAM profiles. In generd the agreement is quditatively quite good, athough occasond
systematic differences do appear (e.g., January 23 below 16 km, February 2, and March
5). Note that the comparisons do not show the increasing tendency toward higher POAM
biases as was seen in the vortex-average and trgjectory hunting comparisons. However,
thereislittle direct POAM/ER-2 overlap in the 460-470 K (~ 18 km) region where these

biases occur, particularly late in the winter.

Figure 11 shows the mean ozone difference profile (black curve) obtained from
averaging the coincident data from dl ten flights. The numbers on the right axis
represent the number of profiles that contribute to the mean at each dtitude leve.
Between 11 and 19 km the differences are within 10 %. However thereisasmdl but
gatidicaly sgnificant bias over mog of this dtitude range, with POAM higher than ER-
2 by an average of ~5 %. Below 11 km POAM is systematicaly higher than ER-2 by

approximately 20 % on average.
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For comparison the mean difference profiles from the vortex-average and

trgectory matching analyses are included in the blue and red curves, respectively, in

Figure 11. Theresult of these three independent gpproaches lead to generaly consstent
conclusons at the £ 5% leve, with mean difference profiles at mogt dtitudes

overlapping within their standard errors. However the vortex-average and trgjectory
matching results do not reproduce the POAM high bias between 12 and 17 km seen in the
standard coincidence comparisons. In fact, it could be argued that these two approaches
show alow POAM hias of afew percent, a least below 18 km. This discrepancy is not
currently understood. Finaly, we note that these results are generaly consstent with the
conclusonsof Danilin et al. [2001], who have also done a systematic comparison of the
POAM and ER-2 ozone measurements during SOLV E using both a trgectory hunting

and direct coincidence andysis.

5. MkI1V balloon comparisons

The Jet Propulsion Laboratory MKIV Interferometer [Toon, 1991] isa high-
resolution Fourier transform infrared (FTIR) spectrometer. Like POAM, the MKIV
makes measurements of aimospheric composition using the solar occultation technique,
but operatesin the infrared rather than the visible, and from a baloon rather than a
satellite platform. In terms of optica design the MKIV isvery smilar to the ATMOS
ingrument [Farmer, 1987] which flew four times on the space shuttle. Following launch,
the baloon rises to float dtitude (typicaly 30 to 40 km) from which it then observes the
Sunriseor set. When operating at high latitudes, such as during SOLVE, the sunrise/set
trangtion isreatively dow, taking approximately two hours. During occultation, the

ingrument measures the solar radiance through the atmaosphere in the spectral range from
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650 to 5650 cm't (1.77 to 15.4 mm) at 0.01 cmit resolution. Normalization of the limb

spectra by a high-Sun (unattenuated) spectrum removes the solar and instrumenta
features yidding amospheric limb transmittance spectra. These transmittance spectra are
andyzed uang a nonlinear leest squares spectrd fitting dgorithm to determine dant
column abundances of various trace gases dong the limb path from the depths of their
absorption lines. Findly, the matrix equation reating the measured dant column
abundances to the calculated dant path distancesis solved to yidd the find volume
mixing rétio profilesfor each gas. The MKIV retrieva dgorithms are described by Sen et
al. [1998]. The effective vertica resolution of the MKIV profilesis gpproximately 2 km.
The accuracy of the ozone retrievd, which is determined primarily by uncertaintiesin
spectroscopic parameters used in the line-by-line forward modd, is estimated to be ~ 5

%.

The MKIV payload made two flights during SOLVE, launching from the Esrange
baloon facility just outside of Kiruna. On thefirst flight, December 3 1999, MKIV
measured a sunset occultation, whereas the second flight on March 15 2000 was a sunrise
event. During thetime it takes for the MkIV to record an occultation, the balloon can
drift aggnificant distance horizontaly, depending on the local wind fields. On each day
POAM made two measurements close in latitude to the balloon position and bracketing it
in longitude (see Figure 13 for detals). The spatid separation between the balloon and
satdlite measurementsis smilar on both days, but the different character of the balloon
track on the two flights introduces digtinct differences. On the December flight the
balloon drifted in a predominantly north-south direction and the two POAM
measurements are dmogt equidistant in longitude from the MkIV and at the same average

latitude. On the March flight the balloon traveled dmost entirdy in an east-west



direction, bringing it in much closer spatid coincidence with one of the POAM
measurements on that day. The tempora coincidence was aso very different on the two
flights. Because POAM measures locd sunsets in the Northern Hemisphere, the two
ingtruments made measurements in close tempora coincidence on the first date (MKIV
sunset) but were separated by approximately 12 hours on the March flight (MkIV

unrise).

Another important difference between the two flightsis the location of the
measurements relive to the edge of the polar vortex. To look at this more closdy we
have plotted in Figure 12 profiles of equivaent latitude for the POAM and MKkIV
measurement locations, as well astheinner and middle vortex edges. The December 3
results in the left pand show POAM and MkIV sampling essentidly identical equivaent
latitudeswell ingde the inner vortex edge. On March 15, shown in the right pand, the
Stuation is more complicated. The MkIV profile and the closest coincident POAM
profile, at 39 E longitude, are fairly close in equivaent latitude and both just insde the
vortex inner edge. The other POAM prdfile, a 14 E longitude, is clearly sampling

different equivaent latitudes, more consstent with the middle of the vortex boundary.

In Figure 13 the POAM and MKIV ozone profiles are plotted for the two days. In
both pandls the black curve isthe MkIV ozone and the blue and red curves correspond to
the two coincident POAM profiles on each day. Both POAM profiles on Dec 3 show
excdlent overal agreement with the MkIV profile, deviating only at the very top of the
profile, aove 30 km. The March 15 results are dso very satisfying. The POAM profile
measured at 39 E, which we have seen is sampling coincident air masses with the

balloon, reproduces the detailed vertical structure in the MkIV profile amost exactly,
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whereas the other POAM profile shows avery different vertical structure, consstent with

fact that it is sampling very different air.

In Figure 14 we have plotted the ozone differences for each flight, calculated from
equation (1). Thetwo curvesin each pand correspond to the two coincident POAM
profiles on each date, with the red and blue curves having the same meaning asin Figure
13. On December 3 the differences are within 10 % with no obvious bias between 15 and
30 km, which is quite good. Above 30 km and below 15 km thereis a systematic
tendency for POAM to be biased high rdative to MkIV. The disagreement is 10— 20 %
above 30 km and larger below 15 km, where it averages 20 % but reaches vaues as high
as 30 % or more. The POAM satellite validation [Rusch et al., 2001] shows no evidence
of ahigh biasin the version 3.0 ozone between 30 and 34 km. Thisisaso not aknown
systematic bias of the MKIV instrument. However, it is useful to keep in mind that thisis
the upper limit of the MKIV retrieval range and the ozone retrievas at or near the balloon
float atitude become very sendtive to assumptions about the shape of the Os profile
above 33 km. These uncertainties are reflected in the larger MkIV error bars, which
increase from < 0.1 ppm at 30 km dtitudeto + 0.4 ppm at 34 km. Therefore the

MkIV/POAM difference a these dtitudes is probably not satistically sgnificant.

For the March 15 flight the agreement between MkIV and the closest POAM
measurement a 39 E is within 5— 10 % at amogt dl dtitudes. The exception isthe 15—
18 km region, where there is some mismatch in the smal-scale Structure seen in the two
profiles, and the very lowest point a 12 km. Nevertheless, the overal agreement
between these two profilesis very good, particularly when one kegpsin mind the fact that

the measurements were made almost 12 hours apart. As expected, the second POAM
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profile on this day does not agree with the MKIV nearly as well asthefirst above 15 km,

with avery different vertical sructure and differencesinthe + 25 % range.

6. DOAS balloon comparisons

A single POAM measurement on February 18 2000 coincided with a balloon
measurement made by the Laboratoire de Physique Moléculaire et Applications and
Differential Optical Absorption Spectroscopy (LPMA/DOAYS) ingrument. The
LPMA/DOAS bdloon gondola was launched from Kirunainto the middle stratosphere
and measured a suite of aimospheric trace gases including ozone. The LPMA/DOAS
gondola carried two optical spectrometers (a DOAS and a FT-IR spectrometer) that
andyze the direct UV-visible and near-IR part of the solar spectrum for line of Sght
(LOS) absorption - taken from the baloon gondolato the Sun - for a suite of amospheric
trace gases (for detalls of the measurement technique see, e.g., Camy-Peyret et al. [1993]

and Ferlemann et al. [2000]).

The LPMA/DOAS gondola employs two kinds of observations, (1) measurements
mede through the atmosphere during balloon ascent for solar zenith anglestypicaly
smaller than 85° and (2) solar occultation observed from balloon float atitude (~ 30 km).
LOS ozone dant column dengity (LOS-SCD) isinferred by gpplying the DOAS
technique to direct Sun spectra measured in the ozone Chappuis bands (495.2 - 618.2
nm). Ozone dengty profiles are then inferred from the measured LOS-SCD vaues using
ether the onion pedling, or the minima estimate technique. For more details on the

retrieval andyss see Ferlemann et al. [2000].



Taking into account the different spectrum integration times and spectra
averaging, the vertica resolution of the measurementsis as high as 100 m in ascent mode
and 1 km in solar occultation mode. Absolute accuracy of the ozoneretrievalsis
estimated to be 2.5 % in ascent mode and 2 % in solar occultation mode. Comparison of
the DOAS ozone with in-situ measurements made by an eectrochemica cdl (ECC) on
the same gondola agree within the range given by the uncertainty of the individua

measurement (ECC accuracy + 4 %, DOAS accuracy + 2 %).

Only one POAM measurement was close enough to the balloon position on this
day to give areasonable coincidence. Like POAM, the balloon measured a sunset
occultation on this flight and therefore the tempora coincidence is quite good between
POAM and the DOASS occultation measurement (the time of the DOAS ascent
measurement, on the other hand, precedes the POAM measurement by 2 — 3 hours). To
quantify the measurement positions relative to the vortex edge, Figure 15 shows the
equivaent latitude profiles calculated for the DOAS and POAM locations from the
UKMO PV fields. The solid and dashed-dotted blue curves represent the DOAS
occultation and ascent profiles, respectively, and the solid red curve is the POAM profile.
The dashed and dotted black profiles represent the equivaent latitude of the middle and

inner vortex edges, respectively.

These results show that both DOAS measurements occur inside the inner vortex
edge at al atitudes except perhaps at the very bottom of the profile. Above 23 km the
ascent and occultation profiles coincide but below that the ascent measurement samples
higher equivaent latitude than the occultation. The POAM measurement isaso

coincident in equivadent laitude with DOAS, and therefore ingde the inner vortex edge,
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above 22 km but samples lower equivaent latitudes than either of the DOAS profiles at

lower dtitudes. Due to the proximity to the vortex edge one might expect afairly
complicated Stuation, with Sgnificant horizontal gradientsin the ozone. In particular it
isinteresting to note that the POAM and DOA'S measurements happen to straddle the
Scandinavian mountains. The LPMA/DOAS probed air massesin the very lee of the
mountain range (with the ascent measurements more eastward than the occultation
measurements) whereas POAM probed air masses mostly westward (upwind) from the
mountains. Hence a pronounced dynamica disturbance of the ozone field is probably to

be anticipated.

In Figure 16 the POAM ozone profile is plotted in the black curve dong with the
DOAS ascent and occultation profilesin the blue and red curves, respectively. Thereis
good qudlitative agreement between the three profiles. In particular the distinct notch
sructure in the peak of the ozone profileiswell captured by both POAM and DOAS,
athough the dtitude of this structure is more cong stent between the POAM and
DOASoccultation profiles than the DOASascent. Another feature captured well by all
three measurements is the smal postive inflection in the profile between 19 and 25 km,
which in this case is more consgstent in the POAM and DOASascent data. It isaso
impressive how well the DOAS profiles track the POAM profile dl the way down to its

lowest point a 9 km.

The ozone difference profiles are plotted in Figure 17. The differenceis
cdculated from equation (1) after first interpolating the DOAS data onto the standard
POAM dtitude grid (the DOAS ascent data have aready been smoothed to a 1-km

resolution consstent with POAM). The POAM and DOAS occultation profiles



essentialy agree to within 10 % at dl atitudes between 10 and 30 km. However there
appearsto be afairly sysemdtic bias in the differences, with POAM generdly lower than
DOASby 3—-59% from 11 to 18 km, increasng to 5— 8 % from 18 to 29 km. The
POAM and DOAS ascent differences, on the other hand, appear to be zero-mean with no
sgnificant bias. However, the scatter in the difference profile does show strong atitude
dependence, with absol ute differences less than 5 % between 20 and 30 km but
increasing to 20 % below 15 km. Altogether these comparisons are remarkably good

given the expected natural atmospheric varigbility in the ozone near the vortex edge.

7. OMS/JPL Ozone comparisons

The JPL balloon-borne in situ ozone indrument is virtualy identica to the ozone
ingrument on the ER-2 aircraft. Ozoneis measured in two chambers, one containing
unperturbed air, the other containing air scrubbed of ozone. The ratio of the absorption
of 254-nm radiation (generated by a single mercury lamp) in the two chambersis
measured s multaneoudy, canceling out lamp intengity fluctuations. Thisratio, coupled
with the wel-known O3 absorption cross-section and the temperature (controlled and
easly measured), pressure, and path length of the chambersis used to determine the
mixing ratio of Oz in ambient ar. The mixing ratio of O3 is measured every second with
an overal uncertainty (accuracy plus precison) of 3to 5%. Pressureis measured with a
st of calibrated Baratrons with an accuracy of 1%. On the Observations of the Middle
Stratogphere (OMS) baloon flights, in situ measurements are obtained on dow ascent
(300 meters/minute) to 8 mb, afloat of about 20 minutes, and adow descent (150
metersminute) through most of the stratosphere, followed by arapid descent on a

parachute.



The JPL Ozone instrument flew on two OMS baloon flights launched from
Esrange during SOLVE, on November 19 1999 and March 5 2000. Salawitch et al.
[2001] use the data to quantify ozone loss in the vortex, and provide a discussion of the
location of the balloon flights and comparisons to MkIV remote measurements as well as
ER-2 NOAA Ozone data. Both OMS flights sampled air deep in the vortex.
Unfortunately POAM was not operating on November 19 (due to a safety shutdown for
the Leonid meteor shower) and therefore a direct coincidence with this OM S flight does
not exist. However, POAM did make a measurement very close to Esrange on the
following day (November 20) and this profile has been used as abassfor the
POAM/OMS comparison for the November flight. For the March 5 OMSflight a good

gpatia and tempord coincidence with POAM does exis.

Panels (a) and (b) of Figure 18 show the comparison between POAM and the JPL
in situ ozone data for the two flights. The natural vertica coordinate for the JPL Ozone
measurements is pressure, which is measured directly by the instrument as described
above. Since the fundamenta POAM vertica grid is geometric dtitude, we have used
the UKMO pressure profile (collocated with the time and location of the POAM
measurement) to convert the POAM ozone profile to a pressure grid for the sake of these
comparisons. In these plots the red profile represents the POAM measurement and the
blue dots represent the entire OM S measurement profile (i.e., ascent and descent phases).
In both cases the agreement is excellent, and rivas that seen for in situ - remote

comparisons of ingruments flying on the same baloon gondola[Sen et al., 1998].
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Even though the two measurements are made a day apart, the November

comparison shown in Figure 18 (a) isinteresting because the excellent agreement
confirms the very low 0zone abundances seen for degp vortex ar (~ 3 ppm for dtitudes
above 50 mb). Asdiscussed in Salawitch et al. [2001], thisrelatively low abundance
reflects normal gas phase chemisiry under conditions of low solar illumination: the

shorter wavelengths which produce ozone are absent, but dightly longer near-UV

wave engths which drive photochemica destruction processes are still present. The
"notch” in the baloon profile around 25 mb is ared atmospheric feature, seen in both the
ascent and descent measurements from the balloon. The lower ozone in the notch may
amply reflect different air parcd trgectory history with different solar illumination, and
may be an indicator of variability, on a least smdl scaes, of ozone in the newly forming
vortex. Since POAM should be cgpable of resolving afeature of this vertica scale, the
fact that it is not evidert in the POAM profile suggests thet the notch itsdf isindeed a
localized feature, which does not recur at the time and location of the POAM
measurement (although the ozone abundance measured by POAM is midway between the

lower amount of the notch and the surrounding air).

The good agreement of balloon and POAM low ozonein the mid- to upper-
stratosphere for observations separated in space and time suggests that these abundances
are representative of asgnificant portion of the core of the vortex. Sncethisisair that
will later descend to PSC-induced ozone loss dtitudes, the low initia abundances of
ozone have implications for caculations of ozone loss. Also, even though much of the
vortex coreisin darkness, displacements to lower |atitudes afford an opportunity for a
solar occultation instrument such as POAM to obtain vortex core measurements, which

can be used for calculations of vortex average ozone loss with appropriate data filtering
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and sdlection (see Hoppel et al. [2001]).

For the sake of quantitative comparison, we focus on the March 5 flight, where
the OM S and POAM observations were coincident within 1 degree in latitude, 10 degrees
in longitude and 2 hoursin time. The results, shown in Figure 18 (b), show excdlent
agreement overdl in both the magnitude and vertica structure of the ozone profile. The
ability of POAM to discern the very steep fdloff in ozone near 30 mb is especidly
noteworthy and demongtrates the capability of the instrument to resolve sharp vertica
sructures. The ER-2 NOAA Ozone data for this date also lie on top of the JPL balloon
data for the 50-100 mb region (see Figure 5 of Salawitch et al. [2001]). Combined with
the POAM/ER-2 direct comparison on this date (see Figure 10) these results illugtrate the

good overal agreement between POAM and in situ measurements.

Figure 18c shows the relative difference profile as afunction of dtitude. To
cdculate this profile, the JPL datawerefirg binned in In(pressure) then interpolated to
dtitude using the POAM/UKMO pressure profile. The difference was then caculated
according to Equation (1). The difference iswithin 10 %, and often lessthan 5 %, from
13 to 29 km, but increases to gpproximately 18 % at the very lowest dtitude of 11 km.
Ozoneis quite variable in the lower sratosphere, and variations thislarge are seen in the
JPL Ozone dataiitself there. In spite of the generally good quantitative agreement it is
obviousthat there is a bias in the difference, with POAM higher than JPL Ozone by 3-5
% on average above 12 km. We considered the possibility that this biasis introduced by
errors in the transformation between pressure and dtitude grids. However, the UKMO
and JPL Ozone pressure profiles are in good agreement and the use of an dternate

scheme to caculate the differences, in which the JPL measurements are compared
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directly to POAM in dtitude space using the onboard GPS dtitude determination from

the OM S gondola, yielded essentidly identical results.

It is quite possible thet the difference between the OM S and POAM ozone smply
reflects real amospheric variation for these close, but still separated, meassurements. The
differences seen in March between OMS and POAM are not outside the atmospheric
varigility, for example, as seen in November between 25-50 mb in the ascent and
descent datafrom OMS. This suggests that even over the scae of the baloon flight,
there were red amospheric differencesin the vertica profiles of ozone. It is not possible
with only a sngle comparison to identify the exact cause of the apparent 3-5% bias
between POAM and JPL Ozone, dthough it is certainly within the insgrumentd
uncertainties, aswell as reasonable amospheric variability, especidly when the very

different nature of the ingruments spatid sampling is consdered.

8. SAOZ balloon comparisons

The Systeme D'Analyse par Observations Zénithales (SAOZ) sondeisa
lightweight UV-visible diode array spectrometer that measures the absorption of sunlight
by the atmaosphere during the ascent (or descent) of the balloon and during sunset (or
aunrise) from float dtitude. A smple conica mirror replaces the gondola orientation or
sun tracker systems generally used on large baloon platforms. The balloon verson of
the SAOZ ingrument isvery smilar to the one used for ground-based measurements of
total ozone and NO, [Pommereau et al., 1988]. It isacommercid flat field, 360
grooves'mm, holographic grating spectrometer equipped with a 1024-diode linear array

and an entrance dit of 50 um. In this arrangement, measurements are made between 290
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and 640 nm, with an average resolution of 0.8 nm. Ozone is measured in the visible from

450 to 620 nm, where its absorption cross-section is relaively insengtive to temperature.
The SAOZ is equipped with a Globa Postioning System (GPS) receiver, which dlows

its location to be determined in three dimensons with an uncertainty of + 150 m.

The spectrd anadyss and the inversion scheme used for SAOZ are discussed in
Pommereau et al. [1994]. Theinverson assumes the scattered light component to be
negligible, an important point because of the use of a 360° conica mirror plus diffuser
ingtead of atracker. The random error in the retrieved ozone profiles varies from 0.1% at
30kmto1l-2%at 11 km. Including the maximum expected cross section errors (1%)
and errorsin the reference spectrum used in the spectrd analysis (0.5%), the total
accuracy of the SAOZ ozone (random + systematic) ranges from approximately 1.5 % at
30kmto 3.4 % at 11 km. The vertical resolution of the measurementsis 1.4 km and the

dataare sampled a 1-km intervas.

As part of the THESEO 2000 campaign SAOZ ingruments made eight flights
from Kirunain Sweden (68 N, 21 E) or Andoyain Norway (69 N, 16 E) during the 99/00
winter. All of the SAOZ balloon launches were made a local sunset and thus coincide
closdy in time with the POAM measurements (generdly within one hour). In selecting
SAOZ datato compare with POAM we dlow for the fact that the SAOZ measurement
events can cover asgnificant horizontal distance due to the baloon drift. We therefore
search for POAM coincidences among the SAOZ ascent and occultation measurements
independently on each day. For the comparisons shown here we have adopted a
separation criteriaof + 2 degreesin latitude and * 4 degreesin longitude. Using this

criteria there are coincidences with POAM on five days: the Andoya flight on Nov 17



and the Kiruna flights on January 28, February 27, March 7 and March 25. On February
27 and March 25 only one of the two SAOZ measurements (the occultation and ascent
profiles, respectively) satisfied the coincidence criteria. On dl other days both SACZ
profiles are retained. Despite the stated coincidence criteria, dmogt dl of these SAOZ
measurements occur within 1 degree in latitude and 3 degrees longitude of the POAM

tangent point.

Both the SAOZ and POAM measurements occurred well within the polar vortex
on al these days except for February 27, where the measurements coincided with the
inner vortex edge, and March 25, where both measurements were well outside the vortex.
Figure 19 shows the comparison of the POAM and SAOZ ozone profiles on each of these
days. The black curve represents the POAM profile, while the blue and red curves are
the SAOZ ascent and occultation measurements, respectively. For the most part, the
agreement shown in Figure 19 isvery good. Often the SAOZ ascent and occultation
profiles show different vertical structurein the profile, indicating asignificant amount of
atmospheric variability even over the tempora and spatia scaes spanned by the baloon
measurement. The only notable exception to the good agreement between the two
ingruments is the February 27 coincidence, where POAM appears to be systematicaly
low with respect to the SAOZ occultation profile. While these two measurements are
made in close patia proximity, as noted previoudy thisis the only occason where both
POAM and SAOZ are sampling near the vortex edge ingtead of well insde or outside the
vortex. One might therefore expect a greater degree of natura spatid variability in the

ozonefidd in this Stuation
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Figure 20 shows the mean POAM/SAOZ ozone difference profile, caculated by

averaging over al coincident ascent and occultation profiles shown in Figure 19.

Between 14 and 27 km the absolute difference iswithin 5 - 7 % everywhere, however
POAM appears to be biased low compared to SAOZ by 2 — 3 % on average. Below 14
km POAM is high rdative to SAOZ, with differences increases to a maximum of ~ 20 %

at 10 km.

9. Summary and conclusions

A summary of the POAM ozone comparisons made in this paper isshown in
Figure 21. Here we have only used comparisons that were obtained either completely in
or completely out of the vortex. Measurements made near the edge of the vortex were
discarded because of the possibility of large horizonta gradients in the ozone, which can
sgnificantly complicate interpretation of the results. Thus, we have diminated the DC-8
comparisons obtained on March 9, and have aso eliminated the low dtitude (< 15 km)
portions of the January 16 and March 3 DC-8 coincidences. For the ER-2 comparisons,
we have used the direct coincidence comparisons discussed in Section 4.3 because they
cover the largest dtitude range. For the MKIV comparisons we have averaged the
differences obtained from the two coincident profiles on December 3, aswell asthe
sngle coincidence a 39 E on March 15, which we fed is avaid coincidence despite the
vortex edge conditions (see Figure 12 and accompanying discussion). For the
POAM/DOAS summary we have averaged the differences from the DOAS occultation
and ascent profiles. Again, we fed these comparisons are vaid in spite of their proximity
to the vortex edge, based on the arguments made previoudy. The OMS result comes

from the single coincidence on March 5 2000 and isidentica to the result shown in



Figure 18c. Findly, the SAOZ profile is obtained by averaging al the coincidences
shown in Figure 19 except for the February 27 event, which occurred at the vortex edge

as discussed in Section 8.

The comparisons shown in Figure 21 naturdly divide into 3 dtitude regions:
below 14 km, 14-30 km, and above 30 km.  In the primary atitude range between 14 and
30 km, where the mgority of the coincident measurements are made and the statistics are
therefore the best, POAM agrees with al the SOLVE data sets examined in this paper to
within 7- 10 % with no gpparent bias (this conclusion ignores the divergence with UV
DIAL &bove 20 km, which is explained in section 3.3, and the pegk in the
POAM/AROTEL difference at 28-29 km, which is dominated by asingle bad
comparison on December 2). The observed differences are within the combined errors of
POAM and the correlative measurements in this dtitude range and collectively
demonstrate an impressive degree of consstency between the various datasets, despite
the very different measurement techniques and spatia sampling inherent in the data.
These differences are also consstent with the POAM satellite and ECC sonde validation

in this dtitude range [Rusch et al., 2001].

Below 14 km there isagreat dedl of scatter in the SOLVE comparisons. The
most extengve comparisons come from the ER-2 measurements, which indicate ahigh
POAM bias (~ 20 %) at the lower dtitudes, but only below 10 km. The SAOZ and MKIV
comparisons aso tend to show POAM biased high by 10-20 % below 14 km. However
the UV DIAL, DOAS, and JPL/OM S comparisons, while exhibiting larger differencesin
this dtitude range (= 15 %), show no consstent bias. Vdidation of the POAM version

3.0 ozone with satellites and ECC sondes does indicate a high biasin the Northern



Hemisphere below 14 km but the magnitude is somewhat uncertain, ranging from 5 to
25% at 10 km [Rusch et al., 2001]. In summary, it is difficult to evaluate the cons stency
of the SOLVE comparisons in this dtitude range with previous comparisons, and the

actual POAM accuracy remains somewhat uncertain.

Above 30 km there are only the AROTEL and MkIV comparisons, both of which
seem to suggest ahigh POAM biasin this dtitude range. However, thereisalarge
amount of scatter in these results, which are based on only 4 measurements (the
ARQOTEL coincidences on December 14 and March 9 and the two MKIV coincidences on
December 3). It isworth noting that comparisons with HALOE and SAGE |1 do not rule
out the possibility of ahigh POAM bias between 30 and 35 km, but the magnitude of the
discrepancy is no more than 5 % in the satdllite comparisons [Rusch et al., 2001].

Therefore, we fed that the SOLVE comparison results are inconclusive above 30 km.

In conclusion, the SOLVE campaign has provided abundant opportunities for
vdidating POAM ozone. Thisisespecidly trueinthe 14 - 30 km region. In this dtitude
range the comparisons with al seven corrdative data sets considered in this study are
remarkably consstent, and indicate agreement to well within the expected uncertainties
in POAM ozone obtained both from forma error analysis [Lumpe et al., 2001] and other
validation sudies[Rusch et al., 2001]. However, the Stuation is not as clear-cut below
14 km or above 30 km where few measurements and large scatter complicate the
comparisons. The dtitude region above 30 km is not an important issue becauseit is
very clear that, in this dtitude range, ozone can be measured very well from satellites,
and vaidation opportunities (apart from those obtained in dedicated campaigns) abound.

The dtitude region below 14 km is much more important. In thisregion, for avariety of



reasons, ozone is much more difficult to measure by satdllite-based instruments, and the
accuracy of these measurementsis not very clear. However, long-term data sets provided
by stdlitesin this dtitude region have sgnificant scientific vaue, o their rdiability

must be carefully assessed. Obtaining alarge number of high-precison measurementsin
this dtitude region should be a very high priority in the planning of future satdlite

vaidation campaigns.
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Figure Captions

Fig. 1 Comparison of the POAM (solid line) and predicted SAGE I11 (dashed line)
Northern Hemisphere measurement latitudes during the year. For POAM thisis
invariant from year to year. The SAGE |11 ephemeriswill likely change dightly

depending on exact launch date and time.

Fig. 2 Locations of the POAM and DC-8 coincidences for sx DC-8flights. The blueline
on each map represents the DC-8 flight track. Thered circleisthe location of the
POAM measurement for which the coincidence comparisons are made. Itis
surrounded by ared rectangle that represents the area defined by the coincidence
criteria (£ 1 deg latitude, + 2 deg longitude). Black contours (solid, dashed, solid)
represent the vortex inner, middle and outer edge, respectively, on the 450 K

potentia temperature surface.

Fig.3 POAM (black), UV DIAL (red) and AROTEL (blue) ozone profiles measured
during the six coincidence periods shown in Figure 2. The POAM curves
correspond to the single profile measured at the location represented by the red
crdein Fgure2. All UV DIAL and AROTEL data meeting the coincidence

criteriafor each flight have been averaged to produce the single profile shown here.

Fig. 4 Ozone difference, as calculated by equation (1), for POAM/UV DIAL (top pand)

and POAM/ARQOTEL (middle pand). Blue and red curves represent the difference
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profiles for each of the 6 flights, whereas the black curve is the mean difference of
al flights. Error bars correspond to the standard error of the mean difference. The
bottom pand smply compares the POAM/UV DIAL and POAM/AROTEL mean

error profiles from the top two panels.

Fig. 5 Examples of POAM and ER-2 data used in the vortex-averaged ozone
comparisonsfor 4 ER-2 flights. The blue curves correspond to the ER-2 flight track
on each day. The black and green contours represent the location of the inner and
middle vortex edge, respectively, on the 450 K potentia temperature surface. Red
circles show thelocation of al POAM measurements made in the three-day period
centered on the ER- 2 flight date. Only those POAM and ER-2 measurements made

ingde the black contour are used in the vortex average comparisons.

Fig. 6 Vortex-average ozone mixing ratio profiles measured by POAM (red circles) and
ER-2 (black squares) for the 11 ER-2 flightsindicated at the top of each pand. The

solid black and red lines represent the standard error of the means for POAM and

ER-2, respectively.

Fig.7 POAM (red circles) and ER- 2 (black triangles) ozone measurements at 460 K on
Jan 23 (top pandl) and March 11 (bottom pandl). The POAM datainclude al
measurements made within + 1 day of flight date. Only in-vortex ER-2 data are

plotted. The vertica lines denote the middle and inner vortex edges.
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Fig. 8 Theleft pand shows the POAM and ER-2 in-vortex ozone mixing retio profile

averaged over dl 11 ER-2 flights shown in Figure 6 (symbols are the same asin
Figure 6). Theright pane shows the mean ozone difference profile for the 11

flights. Error bars represent the standard error of the mean difference.

Fig. 9 Realts of the trgectory matching anadlysisfor 11 ER-2 flights. Black dots
represent the ozone difference for al trgectory parces that satisfy the coincidence
criteriaoutlined in section 4.2. There are 249 such matches. The black curveisthe
mean difference at each potentia temperature level and error bars represent the

sandard error of the mean difference.

Fig.10 POAM (blue) and ER-2 (red) ozone mixing ratios satisfying the coincidence
criteriaon each of 10 ER-2 flights. The coincidence criteriaused are = 3 deg
latitude, + 10 deg longitude and + 3 hours. The POAM profiles represent the single
coincident measurement from each day. The ER-2 profiles are constructed by

binning dl coincident ER-2 data for each flight into 1-km dtitude bins.

Fig. 11 Summary of POAM /ER-2 ozone differences obtained from three comparison
techniques. The black curve represents the mean difference obtained from the
POAM/ER-2 direct coincidences on the 10 flights shown in Figure 10. The number
of coincident ER- 2 data points at each dtitude leve is shown a theright edge. For
comparison the blue and red curves are the mean differences from the vortex-
averaging and trgectory matching anadyses, respectively (see Figures 8 and 9).

These have been interpolated to an dtitude grid using a mean vortex-averaged
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potential temperature profile. In al casesthe error bars represent the standard error

of the mean difference.

Fig. 12 Equivaent latitude profiles for the coincident POAM (red) and MKkIV (blue)
ozone measurements made on Dec 3 1999 and March 15 2000. For comparison the
equivaent latitude of the inner and middle vortex edges are plotted in the black

Curves.,

Fig. 13 Coincident ozone mixing ratio profiles measured by MkIV (black curves) and
POAM (blue and red curves) on Dec 3 1999 and March 15 2000. The two POAM

profiles correspond to the two closest measurements to the balloon position on each

day.

Fig.14 Ozone difference profiles (from equation (1)) for the POAM /MKIV coincidence
measurements shown in Figure 13. For each day the red and blue curves represent

the difference between MkIV and the POAM profile of the same color in Figure 12.

Fig. 15 Equivdent latitude profiles for the coincident POAM (red) and DOAS (blue)
0zone measurements made on February 18 2000. For comparison the equivaent

latitude of the inner and middle vortex edges are plotted in the black curves.

Fig. 16 Coincident ozone density profiles measured by POAM (black curve) and DOAS

ascent mode (blue curve) and occultation mode (red curve) on February 18 2000.



Fig. 17 Ozone difference profiles (from equation (1)) for the POAM /DOAS coincidence
measurements shown in Figure 16. The red and blue curves represent the
difference between the POAM measurement and the DOASS occultation and

ascent measurements, respectively.

Fig. 18 Pand (a) shows the ozone mixing ratio profile messured by the JPL Ozone
instrument on November 19 2000 in the blue symbols. The red curve represents
the ozone measured by POAM on November 20 at gpproximately the same
location (see figure legend for exact measurement locations). Panel (b) shows
coincident ozone mixing ratio measurements made by POAM (red curve) and JPL
Ozone (blue symbols) on March 5 2000. Pand (c) represents the ozone difference

profile caculated for the March 5 2000 coincidence.

Fig. 19 Ozone dengty profiles measured by POAM (black curve) and SAOZ ascent
mode (blue curve) and occultation mode (red curve) for coincident events on five
different days. The coincidence criteriaused are discussed in Section 8. The
locations of the measurements are listed in the legend, with the text color chosen

to correspond to the ozone profiles.

Fig. 20 Mean ozone difference profile (from equation (1)) for the POAM /SAOZ
coincidence measurements shown in Figure 20. Error bars correspond to the

standard error of the mean difference.
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Fig. 21 Summary comparison of ozone difference between POAM and AROTEL (solid
blue), UV DIAL (solid red), ER-2 (solid green), MkIV (black), DOAS (dashed
blue), OMS (dashed red) and SAOZ (dashed green). All profiles represent the
mean difference calculated from equation (1). Only coincident measurements
obtained either completely in or completely out of the vortex are used to caculate

these find difference profiles, as discussed in Section 9.
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POAM III and SAGE III Latitude

N T T T T T T T T T T ]
80F N ]

E BNy ) x ]

: _,-’ \\. : \‘ :

E rr “'L ‘-, l‘ :

- X \ :

® 70F o
2 r ]
g ¢ g
j= . 3
E ﬁﬂ: 7
] :_ —:
i B POAM IIL ]

C A% 55 ]

50 K e SAGE Il ]

C | ] ] ] ] ] ] ] ] ] ] ]

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan
Month

Figure 1



Locadon of POAM IIIVDC-8 Colneldences

Dec 2 1999 Dec 14 1999

Figure 2

55



Altitude (km)

Figure 3

Dev:Z 1999

D[AL
— AROTEL
— PFOAM

T

=

[T

=

w

=
N.
;:
>

= = &

B

=

w

I]Bc: 14 IWD

m &

Ir =

=

i

farch 3 2000

h =2 & &

[T

=

u
(=1

Coincident POAM ITI, DIAL & AROTEL O, Cumpansuns

Jan lﬁ MM

56



POAMDIAL O, Difference

Altitude{kn1)

LERE EEEBRBE

=
o
=
=

Oy Difference (FOAM -DIALYAY G (%)

FOAMAROTEL O, Difference

40

Ry

Altitud e {km}
P -

[ ——
F——
0

=]

-0 0
Oy Difference (FOAM -ARQTELVAY ()

DC-8 Summary

L
(=1

— AROTEL S
—— DIAL

Altitud e (k)
-

=]
E L

a i}
Q4 Difference (%)

Figure 4

S
(=1

57



Figure5

58



Poienial Temperatue (K)

STHAHD

Figure 6

POAMIII a

59

Ozone

ST

00 114

ST

nd ER-2 Vortex
LT .

430F
a0k

-averaged
0113

OL2T

skE3EEES

(=1

(=1

(=1
[
ha
-
-~

ST

ST

sKBBEEES

(=1

(=1

000312

STHAH

(=1

(=1

1 2

T el
Ozone (ppm)

(=1
[
ke B
[
-~

5 ER-2
s POAM III



Figure 7

Ozona {ppm)

Czone (ppm}

ER2 flight G00123, 460K

Middle Edge ->

®POAM

AER2

<- Inner Edge 1

a0 60 70
Equivalent Latitude

80

ER2 ﬂlght DDDSH 4IIK

@ POAM

|
|
I
* )
I
1® oo
I
I
I
I
|

Mlddle Edge -

L

<- Inner Edge :

~ /AER2 }

%

BG 7G
Equivalent Laithide

80

80

60



POAM 111 and ER-2 In-vortex: Grand Average
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Figure9

POAM IIIVER-2 Trajectory Matching Results
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Equivalent Latitude of POAM III and MKIV Measurements
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Comparison of POAM III and MKIV O, Profiles
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Comparison of POAM III and MKIV O, Profiles
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Equivalent Latitude of POAM/DOAS Measurements
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Figure 16
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POAM III and DOAS O, Profiles
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Figure 17
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Figure 19

POAM III & SAOZ O, Comparisons
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POAM/SAOZ O, Difference
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Summary POAM/SOLVE O, Difference

sr—
___ AROTEL R“‘“‘“j?
. DIAL ]
- ER2 ;
[ MKIV ..--"">
’E 15__ ..... DOAS e
A OMS /{
§ T SAO7Z
5
- I
151
101
-40 20

O, Difference (POAM-Corr)/Avg (%)

Figure 21



